We examine the possibility of a symmetry between gravitating and antigravitating particles. The properties of the anti-gravitating quantum fields are defined by the behavior under Lorentz-and gauge-transformations. The equations of motion and the conserved canonical currents are derived and it is shown that the kinetic energy remains positive whereas the source term to the field equations of General Relativity changes its sign. Furthermore, the interaction between gravitational and anti-gravitational fields is mediated by the graviton only, such that the coupling is naturally suppressed by the Planck scale. We discuss that in a scenario with extra dimensions, the production of anti-gravitating matter becomes possible at the LHC. We also briefly comment on cosmological implications.
Introduction
General Relativity is the outsider of the four known fundamental interactions. The question how to properly quantize gravity and to unify it with the electroweak and strong interaction will surely be one of the most central issues of theoretical physics in this century.
The role of symmetries in nature has marked the progress of physics during the last centuries. The use of symmetries has proven to be a powerful tool like no other, underlying General Relativity, leading to the discovery of anti-particles and the establishment of the quark model. The identification of spontaneously broken symmetries and the corresponding Goldstone-bosons successfully explains the phenomenology of the present low energy epoch of the universe, though direct evidence for the most famous cause of symmetry breaking -the Higgs -remains to be found.
It is therefore a consequential question if there is a symmetry between positive and negative masses even though we seem only to experience the former in this late stages of the universes expansion.
In this work, we attempt to introduce a framework to include particles of negative gravitational mass into classical gravity and into the effective perturbative theory of quantized gravity. The anti-gravitating particles are introduced as particles that transform under the contragredient representation of the Lorentz-Group. This transformation behavior is usually connected with the charge-conjugated particle, an additional assumption that we will drop. This leads to the introduction of an anticovariant derivate, followed by an anti-geodesic equation, thereby making General Relativity manifestly invariant under exchange of gravitating with anti-gravitating masses.
The introduction of anti-gravity in this way solves three severe problems that seem to come along with the notion of negative masses:
1. The first problem appears already on a classical level in General Relativity.
The motion of a particle in a gravitational field is independent of the mass of the particle. General covariance is such a strong symmetry principle that there seems to be no place for the different properties of an anti-gravitating particle to manifest itself. The answer to this problem is that the anti-gravitating particle's equation of motion is modified to become an anti-geodesic equation, which follows from its behavior under local Lorentz-transformations. This happens in much the same way as the Dirac-equation for the anti-particles is derived in the case of the conjugation of a gauge charge.
In the field of a positively gravitating matter source, an anti-gravitating particle will be repelled. It will react to an anti-gravitating source in the same way, as a gravitating particle reacts to a gravitating source. As one expects, like gravitational charges attract, and unlike charges repel.
2. The second problem is the stability of the vacuum that one is faced with in case of a negative kinetic energy term in the Lagrangian. In the here used formalism, this problem does not occur: It is only the source to the gravitational field that experiences a change of sign. The low energy analogue is introducing a negative gravitational mass which differs from the inertial mass by only a sign. The kinetic energy term in the Lagrangian remains positive and thus, the vacuum remains stable.
3. The third problem is the lacking evidence. Apparently, we have not yet seen any anti-gravitating matter. To resolve this problem, note that gravity is a spin-two field and therefore like charges will attract, whereas unlike charges repel. If there was anti-gravitating matter present in the early stages of the universe, it would by now have moved away as far as possible, leaving us in a region of the universe with predominantly one type of matter. As we will show, the interaction between gravitating and anti-gravitating matter is mediated only by gravity. Such, the production of anti-gravitating matter out of the matter we are composed of is suppressed by the large value of the Planck scale.
There have been various attempts [1, 2, 3, 4, 5, 6, 7, 8, 9 ] to include antigravitating matter into quantum theory as well as into General Relativity. In recent works, the proposal of a gravitational charge symmetry has been examined [10, 11, 12, 13] as well as parity in the context of General Relativity [14, 15] and ghost condensates [16, 17, 18, 19, 20] .
The prospects of a modified theory with negative gravitational sources are truly promising. Not only does it yield a new approach towards the existence and the smallness of the cosmological constant. Not only does it open new ways of thinking about the inflation in the early universe as the composition of two differently gravitating kinds of matter modifies the dynamics. In addition to these cosmological implications, the possibility of a small Planck scale, as pushed forward in models with large extra dimensions, would allow us to produce anti-gravitating particles at the LHC. The interaction between particles of negative and positive gravitational charge is in the approach here presented mediated naturally and solely by gravitons. Such, the production of anti-gravitating matter out of our 'normal' gravitating matter will become important only at energies close by the Planck scale. Testing anti-gravity at the collider would allow us to access cosmology with experiment.
So far, the available approaches to a theory of anti-gravity seem to be dominated by unresolved issues, thereby leaving this very interesting topic with an atmosphere of doubt and mistrust. It is the aim of this work to provide a quantum field theoretical framework to incorporate anti-gravity into the Standard Model and to set a reliable analytical basis for further examinations. This paper is organized as follows: In the next section, the definition for the anti-gravitating particles is given, based on their transformation properties under the gauge-and Lorentz-group. Section three examines the modified field equations that follow from the inclusion of these particles into General Relativity. Section four examines the perturbative limit and the signatures at the LHC. In section five we briefly discuss cosmological implications. Some general comments can be found in the discussion in section six. We conclude in section 7.
Throughout this paper we use the convention c =h = 1. The signature of the metric is (−1, 1, 1, 1). Small greek indices κ, ν, ε... are space-time indices.
Definition of Anti-Gravitating Matter
The unitary representations U of the Lorentz-Algebra 1 are fully known and classified. Let Λ and Λ ′ be two elements of the Lorentz-Group SO(d + 3, 1) in d + 4 dimensional Minkowski space-time, then the representation fulfils
An arbitrary particle field Ψ(x) then is classified by its transformation behavior under the Lorentz-Group. Under a coordinate transformation x → x ′ = Λx the particle transforms like
The symmetry groups being Lie-groups, it is possible to express the elements of the group through the (representation of) generators t a of the group, which form the Lie-algebra. Since the algebra is a vector space it is often more convenient to work with the algebra than with the group. In terms of these generators, the symmetry transformation can be written as
with some parameters θ a , labeling the elements of the group. In order to have an unitary representation, the representation of the generators has to be hermitian. An analogue discussion holds for the gauge symmetries of the Standard Model (SM). Let us denote these group elements with g, the generators with s a and the parameters with φ a . Under a gauge transformation the particle then transforms like
The anti-particle, Ψ, transforms according to the contragredient representation, U, which is U(g) = U (g −1 ) and leads to 
respectively. In case of a local symmetry, the transformations leads to the introduction of gauge-covariant derivatives in the usual way. When one attempts to construct a Lagrangian that is invariant both under gaugetransformations and Lorentz-transformations, one has to properly pair particles that transform under a representation with those that transform under a contragredient transformation. Usually, the particle which behaves under the contragredient Lorentz-transformation is thereby associated with the particle that also transforms under the contragredient charge transformation. However, this assumption is not necessary. If one drops it, this doubles the number of particles in the Standard Model, when classified under their transformation properties as is indicated in Table 1.
The particles of the SM are the diagonal entries Ψ and Ψ, which combined allow to form gauge-and Lorentz-invariant terms. In addition, one has now two further possibilities with mixed transformation properties. Together, these off-diagonal entries in the table, Ψ and Ψ can also form gauge-and Lorentz-invariant terms. Note, however, that mixtures of anti-gravitating with gravitating fields without conjugation of the gauge charge (Ψ with Ψ, or Ψ with Ψ) do violate gauge-invariance.
It will be useful to clarify the emerging picture of space-time properties by having a close look at a contravariant vector-field Ψ κ as depicted in Figure 1 . This field is a cut in the tangent bundle, that is the set of tangent spaces T M at every point of the manifold which describes our space-time. The field is mapped to its covariant field, Ψ ν , a cut in the co-tangent bundle, T M * , by the metric tensor Ψ ν = g κν Ψ ν .
The newly introduced anti-gravitating field Ψ κ locally transforms like the covariant field but we drop the constraint that it is the element of T M * related to the gravitating field. Instead we interpret it as an independent new field. This is the main ingredient of this extension of the Standard Model. Locally, the new field can be expanded in a basis ∂ κ . These basis 'anti-vectors' form again a bundle on the manifold, that we will denote with T M. To each of the elements of T M also a dual space exists, defined as the space of all linear maps on T M, we will denote this space by T M * and its basis as dx κ . The map from T M to T M * will be denoted g κν . Note, that the indices on these quantities do not refer to the coordinates of the manifold but to the local base in the tangential spaces. All of these fields still are functions of the space-time coordinates x ν .
Let us further introduce the map τ which, in the vector-representation, is a vector-space isomorphism from T M * to T M * . It maps the base of one space into the other. We can expand it as τ = τ νκ dx ν dx κ . Let us also introduce its inverse by
For completeness let us also define the combined maps:
The relation between these quantities is summarized in Figure 1 .
As an assumption we will want the map τ to only modify the base of the space. We do not want it to make an additional coordinate transformation, nor a conformal transformation, it should not add a shear or change the volume element. That is, in local coordinates, τ : T M −→ T M will simply be the unitary matrix. Note however, even though the map τ might be trivial in local coordinates, its importance lies in the base transformation. That is, its partial derivative might vanish (because it is a constant matrix), but the covariant derivative will not, taking into account the change of transformation behavior from T M * to T M. We will now examine the properties of these relations.
We read off the cycle leading back to identity on
and on T M * , respectively
The properties of the vector-fields are transferred directly to those of fermionic fields by using the fermionic representation and transformations of τ as depicted in Figure 2 . In this case, the map ( ) † γ 0 is used to relate a particle to the particle transforming under the contragredient representation. As before, we achieve the additional transformation properties by dropping the assumption that the conjugation has to be done for the gauge group and the Lorentz-group together. The transformation of the γ-matrices themselves is also transferred as before with γ ν = τ ν ν γ ν , where the γ-matrices fulfill the algebra [γ ν , γ κ ] = g νκ . One can complete the diagram in Fig. 2 by introducing combined maps but we will not need these for our further discussion. It is then straightforward to introduce the covariant derivatives for these fields, in much the same way as one usually introduces the derivative D for the anti-particles Ψ. The fully gauge-and Lorentz-covariant derivatives then read
To make the symmetry more apparent, it is convenient to also introduce the derivative
where we again use the underline to indicate the new transformation behavior under the Lorentz-Group. Γ and A are the gauge fields of the Lorentz-and gauge-groups and transform under the adjoint group. The Γ is directly related to the Christoffelsymbols, the exact relation depending on the representation under investigation, i.e. Relations between the gravitating and anti-gravitating representations for the case of a spinor-field (spinor indices are suppressed). As in Figure 1 , the left side shows the usual field and its gauge-anti-field, whereas the right side shows the antigravitational partners of both. The remaining maps can be formed as composites of the shown maps.
whether we are working with a vector-or fermion-field. For an introduction, see e.g.. [22] . Note, that we have omitted the usual notation with the 'i' that allows to introduce the derivative for the anti-particle as a complex conjugate, since this does not lead to the new derivatives with mixed signs. For the covariant derivatives of the basis vectors one derives from the transformation properties, or Eq. (12)-(15), respectively
Then, generally, one obtains the Lagrangian of the anti-gravitational field by replacing all quantities with the corresponding anti-gravitational quantities
To start with the most important example, the Lagrangian of fermionic fields can now be composed from the new ingredients as
where as usual D / = γ ν D ν , D / = γ ν D ν , and γ ν are the elements of the Clifford algebra. The Lagrangian for the free gauge-fields is introduced via the field strengthtensor
as
Again, a mixture of F with F is forbidden by gauge-symmetry unless the particles were completely neutral under all gauge-transformations. Note, that in all cases the kinetic energy terms are positive. A particle with negative gravitational mass will effectively behave like an ordinary particle except for its gravitational interaction, encoded in the derivatives Eq. (12) -Eq. (15) . As one sees by examination of the terms in the Lagrangian, there is no direct interaction between gravitating and anti-gravitation particles. Nevertheless, both of the particle-species will interact with the gravitational field, encoded in the Γ, that is, both have a gravitoninteraction. But this coupling is suppressed with the Planck scale as are all gravitational interactions. Therefore, if we live in a universe today which apparently predominantly contains gravitating matter, the production of anti-gravitating matter is suppressed by the Planck scale. It simply does not take place because all in going particles, in whatever scattering process we look at, are the normally gravitating ones that we deal with every day.
At tree level, a pair-production of anti-gravitating particles out of gravitating particles can take place via virtual graviton exchange as depicted in Figure 3 . If the Planck scale is lowered by the presence of extra dimensions, this process will become important for high energy physics as is discussed in section 4.
Properties of Anti-Gravitating Matter
From the results of the last section, we can now write down the most general form of the Lagrangian which includes the anti-gravitating matter field 2 and is symmetric under exchange of gravitational with anti-gravitational quantities. It takes the form Figure 3 : Pair production of an anti-gravitating quark pair is possible at tree level through virtual graviton exchange.
where
is the coupling constant of the -possibly higher dimensional -gravitational interaction. In 3 + 1 dimensions we have G (0) = G = 1/m 2 p . The volume-form in the last term has to be in the base of the new co-tangential space in order to assure the gravitational charge-symmetry. It might appear that the action is not invariant under replacement of underlined with non-underlined quantities as the first term is not. However, changing the nature of the quantities in the first term does only mean that we now call the underlined quantities the 'normally' gravitating ones. It does not modify the equations of motions but gives them for all underlined quantities instead. Such, the choice to identify the first term with gravitation is a matter of definition without physical content and is in agreement with the desired symmetry. 3 After a variation of the metric, δg κν , the field equations take the form
with the source terms
Using Eq. (20) and performing the inner derivative, we find
We recall that τ κν does not change coordinates, nor does it change the volume element or introduce a shear. Moreover, from the transformation properties of the basis vectors, it is immediately clear that the components τ κν transform under the scalar representation since both basis-components transform the opposite way. So, under a variation of the metric, this quantity remains unaltered δτ κν = 0. This, however, is not the case for τ ν κ , because it transforms non trivially under coordinate transformations which form a subset of the metric variations.
We then use Eq. (10) to obtain
and, after contraction with τ κε τ ε α , this results in
Inserting Eq. (32) in Eq. (30) this yields
But the energy-momentum tensor consists of two terms, the second one arising from the variation of the volume element. Since the transfer from T M to T M by construction does not modify the measure, the determinant |τ| = 1 and therefore
a trivial relation. Nevertheless, both measures will behave differently under a variation of the metric since the determinant is not a scalar. With Eq. (31) we find
So we have the energy-momentum tensor for the usual fields
and for the anti-gravitational field we find
The latter is an useful relation because the expression in the brackets is just the usual energy-momentum-tensor of the matter field with the replacement of gravitational with anti-gravitational quantities Ψ → Ψ, etc. as before.
The interpretation of the so derived gravitational energy-momentum tensor is straightforward: Under a perturbation of the metric, the anti-gravitational fields will undergo a transformation exactly opposite to these of the normal fields as one expects by construction. The τ-functions convert the indices and the transformation behavior from T M to the usual tangential space, the square root converts the volume element, as the energy-momentum tensor is a density and sensitive to the volume measure. Now, that the variation is done, we insert the determinant g/g = |τ| = 1 and find with Eq. (20)
Such, the energy momentum-tensor of the anti-gravitating field appear in the field equations with an minus sign. This is due to the modified transformation behavior of the field components. The corresponding conservation law as follows from the Bianchi-Identities is
By variation of the action Eq. (27) with respect to the fields, on obtains the equation of motion in form of the Euler Lagrange Equations. Using the the covariant form of Gauss' law one finds
and for the anti-field
By performing the variation, it becomes clear that the use of the modified volume element is necessary to apply Gauss' law in its anti-covariant version with help of the relation
If one considers the Lagrangian of the Dirac-field, then the metric-tensor itself is not explicitly present in the Lagrangian. One instead has to formulate the action in form of the tetrad fields, or, more convenient for the present examination, one uses the variation of the γ-matrices with the metric, as has been derived in [23] . It is then apparent that the above used argument directly transfers to the Dirac field. This behavior under a variation of the metric is such a general one, because the properties of the anti-gravitational field arise from the modified transformation under local Lorentz-transformations. The symmetric gravitational energy-momentum tensors for the fermion fields, which appear as source terms in the field equations, then take the form:
Now it is crucial to note that the kinetic energy-momentum-tensor as defined from the Noether current does not have a change in sign, as no variation of the metric is involved and the gravitational properties of the fields do not play a role. To clearly distinguish this canonical energy momentum tensor from the gravitational source term, let us denote the canonical energy-momentum-tensor with Θ νκ , whereas we keep the above used T νκ for the gravitational energy momentum-tensor.
The canonical energy-momentum for a matter Lagrangian L (Ψ, ∇ ν Ψ) as follows from Noether's theorem is
and correspondingly
Unfortunately, in general this quantity is neither symmetric, nor is it traceless or gauge-invariant. For General Relativity, Belinfante's tensor is the more adequate one [24] . Though the 'correct' energy-momentum tensor is a matter of ongoing research [24, 25, 26] , the details will not be important for the following discussion. Instead, let us note that, from the Noether current, we get a conserved quantity for each space-time direction κ, leading to the conservation equations
which is most easily seen if one considers ∇ as a gauge-covariant derivative, leading to the covariant conservation related to it. Using Eq. (16) we write the Lagrangian as a function of these L (Ψ, D ν Ψ) which gives the above relation with the prefactor from the inner derivative. The second factor of Eq. (48) is readily interpreted: when the anti-gravitating particle gains kinetic energy on a world line, the gravitational particle would loose energy when traveling on the same world line. The interaction with the gravitational field is inverted. One also sees that, by inverting τ, Eq. (48) is symmetric under the exchange of gravitational and anti-gravitation quantities. Now, to omit the difficulties with the covariant energy-momentum tensor, let us look at flat Minkowski, space. Here, we have ∇ = ∇ = ∂ and we see that contrast of Eq. (40) with Eq. (48) means that both T and T (or Θ and Θ, respectively) are separately conserved, since T has a sign change where Θ has none. This underlines the previously drawn conclusion that without gravitational interaction no exchange process between both types of matter is possible. However, with gravity, exchange becomes possible via gravitons, encoded in the covariant derivatives of Eq. (40) with Eq. (48).
It is also instructive to look at the motion of a classical test particle. One might write down the equation from the Euler-Lagrange equations (42), or by considering the analogue of parallel-transporting the tangent vector. In contrast to the gravitating particle, the anti-gravitating particle parallel transports not its tangent vector, but instead the related quantity in T M which is t ν = dx ν /dλ. On a curve x ν (λ) = τ ν ν x ν (λ), we demand that t α is covariantly conserved. For the parallel transport, we evaluate the derivative in direction of the curve and set it to zero:
A word of caution is necessary at this point. The tangent vector t α is not parallel transported along the curve, even though t α can -after a change of base with τ -be expressed in the base of the usual tangential space. Which prescription one has to use, depends on the type of particle under investigation. With the definition ∇ ν t α = ∂ ν t α − τ α α τ ε ε Γ α νε t ε of the derivatives from Eq.(18) we obtain
and by rewriting ∂ ν = (dλ/dx ν ) d/dλ we finally find the anti-geodesic equation
It will be instructive to also derive it using a second way. (For the rest of this section we will take d = 0.) Let us look at an anti-gravitating test particle of nonzero but negative mass m with Θ νκ moving in a strong gravitational field. Being a test particle, it will not influence the background field. The particles energy conservation law Eq.(48) in this background field, encoded in the Γ's, reads:
The particle moves on the world line y ν = x ν (λ), where λ = x 0 (λ) is the eigen time.
For the particle of nonzero mass it can be used to parameterize the curve. The kinetic energy momentum tensor is then [27] 
Rewriting the partial derivative to
and with use of the relation ∂g/∂x ε = −2gΓ κ κε 4 , one obtains
Inserting Eq.(52) then yields
where the second and the last term in the brackets cancel. Demanding that this be valid on the world line of the particle, one again finds Eq.(51). On both our ways to derive this equation, we have not used one of the most common approaches which introduces the particle's world line as the extremal of a variation of the length of the curve. Note that such a definition of the particle's motion does not follow from Einstein's field equations and is an additional assumption. Here we have instead solely used the consequences from a variation of the action Eq. (27) which turns out to yield a more general type of curve, including geodesic motion as well as anti-geodesic motion.
To summarize the results of this section, we have seen in Eq. (39) that the source of the field equations arising from the anti-gravitating matter fields -the gravitational energy-momentum tensor -has a change of sign relative to the source of the usual gravitating matter fields. We have also seen in Eq. (51) that the equation of motion for an anti-gravitating test particle is modified, thereby explaining how the particle's world line can be modified even though it is independent of the particle's mass. We have shown that two different types of energy can be distinguished: the gravitational one and the canonical 'kinetic' one. In a flat space-time, both are separately conserved. Interaction between gravitating matter and the anti-gravitating matter is possible only through the gravitational field.
Anti-Gravitation at the LHC
The production of anti-gravitating particles out of gravitating matter has to be mediated by the gravitational field as the graviton is the only particle that couples to both kinds of matter. Therefore, the interaction between gravitating and anti-gravitating particles is naturally weak and can have remained unobserved so far. However, the recently proposed models with large extra dimensions [28, 29, 30, 31] interpret the large value of the Planck mass, m p ∼ 10 16 TeV, as only an apparent one, caused by the presence of extra space like dimensions. In this scenario, the underlying fundamental scale, M f , of gravity might have been close by the electroweak scale, but is suppressed by the volume of the compactified extra dimensions.
In these effective models, computations of graviton cross-sections for processes like the one under investigation here, have been done [32, 33, 34, 35] and the arising observables have been examined closely in numerous publications during the last years. For this purpose, the linearized version of the matter fields coupled to the Lagrangian of General Relativity is examined. Since the here newly introduced anti-gravitating particles differ from the particles of the Standard Model only by the sign in the coupling term, all the results can immediately be transferred to the here discussed case.
The anti-gravitating partner of a SM-particle carries exactly the same quantum numbers as the gravitating particle but it has now an additional quantum number, which is its gravitational charge. The possible production of anti-gravitating partners of SM-particles would thus enlarge the phase-space of the outgoing particles in a process with virtual graviton exchange by a factor two.
If quantum gravity sets in and exchange of virtual gravitons is allowed, also the process depicted in Fig. 3 can take place. These cross-sections for pp processes in hadron collisions have been examined e.g. in [35] . In our scenario, the phase space for these tree level processes is then doubled, taking into account the new degree of freedom for the outgoing particles. In general, one can expect the cross-sections of the new processes to become comparable to SM-cross-sections at energies close to the new fundamental scale M f .
Unfortunately, there is an enormous amount of new physics predicted at the LHC. Therefore, it requires theoretical as well as experimental effort to clearly establish whether such an increase of the cross-section is due to anti-gravitation or some other processes (such as virtual exchange of new particles or KK-excitations). Besides the experimental uncertainties, one also should keep in mind that the computation of the cross-sections is attached to several theoretical uncertainties (e.g. the UV-cutoff) as well as to free parameters of the model (M f , d, R) . The non-interaction of the anti-gravitating particles with our 'normal' matter means that it would mainly lead to an increase of missing energy, since the particle could only be trapped gravitationally. However, as often, the challenge lies in the clear distinction of scenarios of physics beyond the Standard Model.
If the underlying scale M f is within the reach of the LHC, the production of anti-gravitating matter would in principle become possible. The importance of examining the anti-gravitating sector lies in its relevance for cosmological and astrophysical issues. Within the here discussed scenario, the LHC would allow to experimentally approach these topics.
Anti-Gravitation in Cosmology
Suppose that, in the early stages of the universe, both gravitating and anti-gravitating matter was uniformly and randomly distributed. In contrast to the electromagnetic interaction, a homogeneous distribution of positive and negative charges is not an optimal configuration for the gravitating matter. Instead, the positive and negative energies attract their own type and repel the other, thereby forming areas of mostly pure gravitating or pure anti-gravitating matter. This is not unlike a process of spinodal demixing in a two-phase system. During this optimization process of the initial configuration, gravitational energy is released and the de-mixed areas grow. The dynamic of this system -the demixing process and the growth of the purely gravitating areas -however, is involved, especially in the early stages. Whether this setup allows to keep the achievements of the baryogenesis and structure formation remains a subject of future research. In any case, the possibility of anti-gravitating matter allows us to address the question of inflation from a new point of view and opens new approaches to existing problems.
Also the small but nonzero value of the cosmological constant is a very challenging puzzle that has been examined within the context of a gravitational -antigravitational symmetry [2] . It should be clear that, in the framework presented in this paper, the quantum contributions to the gravitating vacuum energy cancel: there is an anti-gravitating partner to every SM-particle which yields the same quantum contribution, but in the gravitational source it will appear with a relative change of sign. It is therefore especially interesting to examine whether the dynamics of the universe can be such that, at the present day, the remaining anti-gravitational matter in our area of predominantly gravitating matter, explains the observed accelerated expansion of the universe.
It is furthermore interesting, though speculative, to consider the matter-types of gravity to be separated in the direction of possible extra-dimensions. The existence of negative gravitational sources do then allow gravity to be neutralized which could be used the address the stabilization problem within the context of extra dimensions.
One should also note that ultra-high energetic cosmic rays might already lead to processes at energies above the fundamental scale, thus allowing new types of matter to be produced.
Discussion
The introduction of anti-gravitating particles is an unfamiliar topic and as such there are several points that should be clarified. First, one should note that we have not added an additional symmetry group, but merely dropped the usually made assumption that relates gauge-with Lorentz-transformations. So, we do not run into conflict with the Coleman-Mandula theorem [36] . The here discussed transformation properties are already present in the SM. Moreover, the so defined negative gravitational charges do not require a negative kinetic term in the Lagrangian.
Further, the postulation of particles with negative energy at first sight seems to resemble the arising states of negative energy in the Dirac-equation. One might therefore think about trying to re-interpret them in a similar way. This however, is not possible in the gravitational regime. Here, we can not identify a charged particle with negative energy with a particle of positive energy but negative charge because the charge is the energy 5 .
After introducing a symmetry between negative and positive gravitational charges, one might be tempted to ask what the charge of the graviton is. This question, however, is one of those which are answered by trying to formulate the question precisely. It is well known that already in General Relativity the energy of the gravitational field itself is an ill-defined quantity, dependent on the observer, or the gauge respectively. One might interpret this by saying, the gravitational field merely exchanges the charges between the fields and, as a gauge field, is not associated with one or the other.
Finally, I would like to mention that during the work on this topic, it occurred to me that some of the here discussed issues have formal similarities to the References [14] and [15] , though the setup in these works was a different one. It would be interesting to examine whether these approaches can be joined into a common basis.
Conclusions
We have introduced particles into the Standard Model that cause negative gravitational sources. These particles are defined by their mixed transformation properties under the Lorentz-and gauge-group. The number of particles in the Standard Model is doubled: each particle has an anti-gravitating partner particle which only differs in its opposite reaction to the gravitational field. It is not necessary to have a negative kinetic energy term.
In this way, we have extended general covariance to also include the anti-gravitational sector. Since the possibility of this extension is already present in the representations of the Standard Model, the Coleman-Mandula theorem is circumvented. We have shown that the interaction between gravitating and anti-gravitating matter is mediated solely by the graviton. It is therefore naturally very weak, explaining why we have not seen any anti-gravitating matter so far.
Furthermore, we have examined the possibility of creating anti-gravitating particles in future collider experiments in the case of a lowered fundamental scale. Anti-gravitating particles could be pair-produced in tree-level processes via virtual graviton exchange. The existence of anti-gravitating particles that cause negative source terms of gravity could open new ways of thinking about todays cosmological puzzles.
